We developed a mathematical model of oxidative phosphorylation (OXPHOS) that allows for a precise description of mitochondrial function with respect to the respiratory flux and the ATP production. The model reproduced flux-force relationships under various experimental conditions (state 3 and 4, uncoupling, and shortage of respiratory substrate) as well as time courses, exhibiting correct P/O ratios. The model was able to reproduce experimental threshold curves for perturbations of the respiratory chain complexes, the F 1 F 0 -ATP synthase, the ADP/ATP carrier, the phosphate/OH carrier, and the proton leak. Thus, the model is well suited to study complex interactions within the OXPHOS system, especially with respect to physiological adaptations or pathological modifications, influencing substrate and product affinities or maximal catalytic rates. Moreover, it could be a useful tool to study the role of OXPHOS and its capacity to compensate or enhance physiopathologies of the mitochondrial and cellular energy metabolism.
Introduction
Oxidative phosphorylation (OXPHOS) plays a crucial role in the energy metabolism of almost all eukaryotic cells. It is composed of two parts: first, the respiratory chain, consisting of four enzyme complexes, translocates protons over the inner mitochondrial membrane, driven by the energy of the stepwise electron transfer from NADH and succinate to oxygen. Second, the F 1 F 0 -ATP synthase, which uses the thereby established electrochemical potential difference Dl H for the phosphorylation of ADP to ATP. Besides, the mitochondrial energy metabolism is also involved in other essential processes like Ca 2+ -signaling, apoptosis, production of heat, production of reactive oxygen species, and aging [1] . Malfunctioning of the OXPHOS system leads to severe mitochondrial physiopathologies like MELAS, LHON, and Leight syndrome [2] and moreover mitochondrial energy metabolism has been linked to widespread pathologies like diabetes [3] , cancer [4] , Parkinson, Alzheimer, and Huntington [5, 6] .
Mathematical models are useful tools to gain a deeper understanding of intricate interactions within a biological system. Various models have hence been established to address different problems with respect to the mitochondrial energy metabolism. Bohnensack [7] described the OXPHOS with two equations (i.e., respiratory chain and ATP synthesis) taking into account the electrochemical membrane potential Dl H and the ATP/ADP ratio. Magnus and Keizer [8] have used two complementary rate equations to describe the respiratory chain activity, one for calculating the oxygen consumption and the other one for assessing the flux of the translocated protons. ATP synthesis was described with a similar approach, one equation taking into account the ATP production, and a second equation calculating the complementary proton flux. All equations included a dependency on the membrane potential DΨ, and Cortassa et al. [9] modified these equations in order to take into account also Dl H . A different approach was used in the mitochondrial model of Yugi and Tomita [10] , where the OXPHOS complexes were modeled separately with saturable rate laws; however, the impact of Dl H was not considered. Finally, in the models of Korzeniewski and Zoladz [11] and Beard [12] , each OXPHOS complex was described by a separate rate equation, based on near equilibrium thermodynamics or on mass action law, respectively. Both models took into account an influence of Dl H on the catalytic rates. However, the kinetics used by Beard and Korzeniewski do not exhibit saturation kinetics (V max , K m ) which are typically found in kinetics assays of the OXPHOS complexes [13] [14] [15] , and hence they do not allow to analyze the consequences of changes in substrate affinity and maximal catalytic rates due to normal variations (e.g., species and tissue specificities or metabolic state) or pathologic variations (mutations).
In order to study the effect of such local perturbations on the respiratory flux and the mitochondrial ATP production, under physiological as well as pathological conditions, and to reveal mechanisms of compensation, our aim was to develop an OXPHOS model, where each OXPHOS complex is described by a separate rate equation, which reproduces the enzyme kinetics over a wide range of substrate and products concentrations, as well as Dl H . Recently we have shown that in the absence of the membrane potential difference, the kinetics of complex I from bovine heart mitochondria can be well described for a large range of substrate and product concentrations using a Michaelis-Menten type rate equation based on a sequential random binding mechanism, featuring a maximal forward and backward rate constant and a Michaelis-Menten constant for each substrate and each product [13] , and we could show this also for the complexes II, III, and IV [16] . In the present work, we have generalized this rate equation such that it is applicable for the stoichiometric factors of the respiratory chain complexes and the ATP synthase. We have then extended it in order to integrate the influence of Dl H in a way respecting thermodynamics. We then put together these new rate equations for complexes I, III, IV, and ATP synthase in a model context of mitochondria, based on the OXPHOS models of Beard and Korzeniewski. Additionally, we have also improved the rate equations for ADP/ATP carrier (AAC), the Pi/OH antiporter (PiOH), the proton leak flux, and the adenylate kinase (AK). We have parameterized the model using our own kinetic measurements on complexes I [13] and complexes III and IV (present work), as well as literature data or adjustment of parameters to the comprehensive OXPHOS dataset of Bose et al. [17] , where for a large extent, the parameter values were issue of mammalian heart mitochondria. We have validated the model for a wide range of substrate and product concentrations and DΨ. It matches well the comprehensive dataset of Bose and exhibits correct P/O ratios, it reproduces flux-force curves over a wide range of experimental conditions (state 3 and 4, substrate restriction, and uncoupling), and reproduces as well as experimental time courses. We have finally applied the model to simulate threshold curves (inhibitor titration curves) for state 3 and state 4. The curves could be confirmed by experimental data. The outcome is an OXPHOS model, which is able to reproduce essential features of the respiratory chain and ATP production for state 3 and state 4 respiration, in normal as well as in extreme conditions. This new model provides a more detailed and precise tool for the simulation of the functioning of the OXPHOS system compared to hitherto existing OXPHOS models.
for some reactions in order to take into account classical kinetic parameters and to respect thermodynamics. Concerning the differential equation system, we have referred the differential equations for the adenine nucleotides by using explicitly their Mg 2+ -bound and free forms: this allows a clearer representation of the relationship between these two forms which play a different role in OXPHOS. This formulation renders more precise the use of Mg 2+ -bound ADP (mADP) by the ATP synthase. We have further referred the concentration changes of reduced and oxidized cytochrome c (Cred and Cox, respectively) to the intermembrane water space, and the concentration changes of ubiquinol and ubiquinone to the diffusion space in the inner membrane. As the concentration changes due to chemical reactions do not depend on the compartment volume but only on the concentrations of the reacting molecules, we did not normalize the fluxes of Mg 2+ -binding on adenine nucleotides by the relative volume of the respective compartment, as it is in contrary done for enzyme-catalyzed reactions. The resulting system of 18 differential equations is shown in Table 2 .
Each enzymatically catalyzed and chemical reaction, as well as each active and passive transport over a membrane are modeled with a thermodynamically consistent rate equation. From the model of Beard [12] , we have kept the rate equations for the dehydrogenase reaction, the adenine nucleotide, and phosphate diffusion over the outer membrane (taking now into account an equation for each, the free and Mg 2+ -bound adenine nucleotides), and the Mg 2+ -binding reactions. For the K + /H + exchange, we have taken the rate equation from Wu et al. [18] . In order to obtain a better description of oxidative phosphorylation, we have implemented new rate equations for the respiratory chain complexes, the ATP synthase, AAC, the PiOH, the proton leak flux, and the AK. The constraints used in this model are summarized in Table 3 .
Rate equations for the OXPHOS complexes and influence of the electrochemical potential difference
We have recently shown that the kinetics of complex I in the absence of the electrochemical potential difference Dl H can be well described by a Henri-Michaelis-Menten type rate equation based on random binding, featuring a forward and a backward rate constant and a Michaelis-Menten constant for each substrate and each product [13] . We have assumed that the K m are not dependent on whether another binding site is already occupied or not. We have generalized this equation in order to apply it for all OXPHOS complexes (complexes I, III, IV, and ATP synthase). The equation was then extended for the integration of the influence of Dl H . We therefore used a general reaction scheme where each substrate S i has its complementary product P i , both having the same stoichiometric factor g i .
with g x and g is being the stoichiometric factors of the matrix protons (H x ) and the protons in the intermembrane space (H is ), respectively. In the absence of Dl H , this reaction scheme can be described by the following generalized rate equation:
where k f and k b are the forward and backward maximal rates, and K m S i and K m P i the Michaelis-Menten constants.
In order to introduce the influence of Dl H into this rate equation, we considered the relationship of kinetics with thermodynamics, i.e., how the kinetic parameters k and K m are related to the Gibbs energy of reaction.
At the equilibrium of the reaction, we have v = 0 and thus v f = v b , with the equilibrium constant
Applying this to Eqn (2), we obtain the Haldane relationship.
The equilibrium constant is related to the Gibbs energy of reaction DG 0 0 by
where DG 0 0 is the Gibbs standard energy of reaction, R is the universal gas constant, and T is the temperature.
In general, if a reaction is coupled to an endergonic or exergonic process, the Gibbs energy of reaction DG 0 0 will decrease or increase, respectively, and as a consequence its equilibrium will be shifted. In case of the OXPHOS complexes, the reactions are coupled to the translocation of protons across the inner membrane, which comprises the transfer of charged particles (protons and electrons) within an electric field, and the energy that is needed for vectorial protons (protons that are translocated from one side of the inner membrane to the other) to overcome the transmembrane pH difference. For each OXPHOS complex, we take into account DG H , the total negative energy contribution (or positive, for ATP synthase) arising from these processes. For simplicity, DG H takes also into account the scalar protons (protons that are only part of the chemical reaction).
Under the influence of the electrochemical potential difference, the equilibrium constant becomes
We assume that the reactions catalyzed by the OXPHOS complexes still follow Henri-MichaelisMenten like kinetics in the presence of the electrochemical gradient. This implies that at any fixed Dl H , there is a distinct set of kinetic constants k = k(DG H ) and K m = K m (DG H ) which allow to describe the kinetics of the OXPHOS complexes. The Haldane equation reads then
In order to respect this thermodynamic relationship (Eqn 6), we modulate the maximum rates k and the K m by an exponential expression. 
The factors f k and f Ki distribute DG H among the couples of kinetic constants, i.e., k , while the factors c k and c K i designate the distribution within these couples. The distribution of DG H on the kinetic constants is illustrated in Fig. 2 .
In order to respect thermodynamics, the following constraint must be fulfilled:
We further pose that
The new rate equation for the OXPHOS in its general form is: Table 4 shows the new rate equation applied to the reaction scheme of each OXPHOS complex.
Rate equation for the ADP/ATP carrier
The AAC catalyzes the exchange of free ADP (fADP) in the intermembrane space with free ATP (fATP) in the matrix space and assures thereby the mitochondrial phosphorylation of ADP and the cytosolic ATP supply. In order to be more consistent with thermodynamics and enzyme kinetics, we have modified the rate equations used by Korzeniewski and Zoladz [11] , Beard [12] , and Wu et al. [18] . It is controversially discussed, whether the AAC follows a ping-pong mechanism or implies a ternary complex [19, 20] . We have decided to model the AAC with a Henri-MichaelisMenten rate equation based on random binding, where we have assumed that the K m values do not change with ADP or ATP binding at the opposite binding site. As this transport is electrogenic, i.e., there is one net charge transported over the inner mitochondrial membrane, we have integrated the influence of DΨ on the kinetic constants of the AAC similar to the rate equations for the OXPHOS complexes (Eqn 12): Table 1 . In the present work, the activities of the respiratory complexes (v, k f , and k b ) are referred to the transfer of two electrons. An activation of complex III was taken into account similar as in the model of Beard [12] . Throughout this work, the activator A has been set to the matricial Pi concentration; however, a direct activation by Pi has been questioned (see Discussion).
2808
The FEBS Journal 284 (2017) 2802-2828 ª 2017 Federation of European Biochemical Societies
where F is the Faraday constant and f k , f Ki , c k , c Ki 2 ½0; 1 are the DΨ repartition constants, with
Rate equation for the proton leak
The proton leak flux shows a non-ohmic, close to exponential behavior with respect to DΨ [21] , which is in contrast to the linear relationship of the Goldman equation, used by Beard [12] and Wu et al. [18] . We therefore use an exponential approach, which is similar to that of Korzeniewski and Zoladz [11] :
where d is the diffusion constant of the protons through the inner membrane, and c k , the constant that distributes the influence of DΨ on the forward and backward velocity.
Rate equation for the Pi/OH exchange
We have chosen a more realistic representation of the Pi/OH exchange, using a simple Michaelis-Menten like approach, based on random binding mechanism, corresponding to Eqn (2) .
Note that the true substrate of this reaction is the single negatively charged form of Pi (i.e., H 2 PO À 4 ), which makes possible an electroneutral exchange.
Rate equation for the adenylate kinase reaction
In the previous models of Beard and Korzeniewski, the AK reaction has been modeled using mass action kinetics. We have replaced these kinetics by a simple Michaelis-Menten-like equation based on random binding mechanism, corresponding to Eqn (2) .
Model parameterization
In order to estimate the different parameters of our model, we focused our study on the OXPHOS in mammalian heart mitochondria. Therefore, we have determined the kinetic constants of the respiratory chain complexes based upon our own kinetic measurements. Values for other model parameters were either taken from literature or estimated upon the experimental dataset of Bose et al. [17] . We have assigned the parameters to different classes, which indicate the way in which their values have been determined. All parameters are listed in Tables 5-7 .
Kinetic parameters of the respiratory chain (class A)
As the respiratory chain complexes play a central role in our model, it is important to have a consistent set of values for their kinetic constants. Therefore, we have performed initial rate measurements on complex III and complex IV on bovine heart mitochondria under similar experimental conditions as we have previously used for determining the initial rates of complex I [13] . All data points of the experimental series for complex III and complex IV, respectively, have been fitted simultaneously using our new rate equations (Table 4 ) in order to estimate the forward rate constants (k f ), and the MichaelisMenten constants (K m ). This was in particular important for the product K m values, which are difficult to find in literature and for which we have recently shown on the example of complex I that their values vary highly dependent on the kinetic model that has been applied to describe experimental data [13] . Examples of these simultaneous fits for complex III and IV are shown in Figs Parameters values taken from literature data (class B)
Parameters that could be assigned by literature values were referred to as class B parameters, for example kinetic constants for the ATP synthase and the AAC, dissociation constants of mADP, mATP, and H 2 PO À 4 . Furthermore, for the inner membrane capacity, the matricial proton buffer capacity, the standard Gibbs energies of the reactions catalyzed by the OXPHOS complexes, as well as for fixed and total concentrations, we have used the values from the previous model of Beard [12] , given in the publication or in the MATLAB files of the model [39] . For the parameter values that are linked to the Pi concentration, we allowed a margin with respect to their literature values, in order to improve the determination of the below described class C parameter values, which have been estimated using a large set of experimental data, measured as function of different Pi concentrations. These parameters are notably the K m Pi of the ATP synthase, and the K m H 2 PO 4 and the k f of the PiOH exchange and the activation constant K a for complexes III. These parameters are indicated as B* in Tables 5  and 6 . For the Pi/OH exchanger, we had no literature value for k f and limited it thus in the parameter search between 1000 and 10 000 nmolÁmin À1 Ámg mito. prot.
À1
; this interval covering the range of the k f of all other enzymes inside this model. Furthermore, the value for K m H 2 PO 4 is around 20 times lower than the corresponding literature value, around a factor 2 is due to the fact that in the experimental measurement no difference was made between H 2 PO À 4 and HPO 2À 4 . We also allowed a margin for the value of f cyta , i.e., moles of cytochrome a per mg mitochondrial protein, which we had introduced in order to compare the simulated to the experimental respiration rates of Bose et al. [17] 
Empirical parameters (class C)
Parameter values that could not be determined by our experimental data or referred to literature values, i.e., parameters belonging to mass action kinetics or the repartition of DG H on kinetic constants, were estimated upon the experimental dataset of Bose et al. [17] , which comprises essential features of OXPHOS (DΨ, J O2 , matrix pH, reduced fractions of NAD, and cytochrome c). In order to search for an optimal class C (and B*) parameter set, we compared steady-state concentrations and fluxes of model simulations to the experimental data series, with class A and class B parameters being fixed. For details on the estimation of the class C parameter values see 'Materials and methods'. In Fig. 5 , the steady-state concentrations and fluxes are compared to the Bose dataset for the set of class C parameter values that we have thereby obtained. Compared to Beard [12] and Wu et al. [18] , who also 
used this dataset for parameter estimation, in particular the description of DΨ for low-phosphate concentrations was improved. The class C parameters represent in general empiric values, which cannot be found in literature. However, it is possible to make some qualitative remarks on the DG H repartitioning parameters. For the respiratory chain complexes I and III and the ATP synthase, the largest part of DG H is influencing the rate constants (f k > 0.7), and for complex III, it is still half of DG H (f k = 0.47). For the AAC, this influence is lower (f k = 0.25). It is remarkable that it is either k f or k b which is nearly exclusively charged (c k % 1 and c k % 0, respectively): k b in case of the proton gradient establishing enzymes (complexes I, III, and IV), assuring sufficiently high maximal velocities for the Dl H at states 3 and 4, and k f in case of the Dl H consuming reactions (ATP synthase and AAC), resulting in an increasing maximal forward rate with increasing Dl H .
Some of the K m were also found to be modulated by the gradient, e.g., for complex I, while the influence of DG H on the K m Ubiquinone =K m Ubiquinol couple was negligible (f K Ubiquinone ¼ 0:009), the influence on the K m NADH =K m NAD couple was significant (f K N ¼ 0:18). Latter is in agreement with important differences in the K m NADH and K i NAD under coupled and uncoupled conditions compared to K m NAD and K i NADH under conditions for reverse electron transport [45] ). The impact of DG H on the K m O 2 of complex IV (f KO ¼ 0:14) is consistent with the observations from Petersen et al. [46] and Bienfait et al. [24] , who found a lower K mO 2 for state 3 respiration than for state 4 respiration. Furthermore, for the AAC, the influence of DG H on the K m of fADP and fATP (f K D ¼ 0:50 and f K T ¼ 0:27) is in agreement with experimental observations of differences in the affinities for fATP and fADP with respect to coupled and uncoupled conditions [19] .
c KN and c K Ubiquinone of complex I, as well as c K Ubiquinone and c K C of complex III were highly variable in the parameter optimization (see also Table 5 ). When setting them to 0.5, without readjusting any other parameters, the simulations of the Bose dataset changed only very little, and there were no significant differences for all other simulations (not shown). Furthermore, in all fits, for the AAC, we found c KD % 0, c KT % 1, and f k % 1. For parameter optimization, it is thus possible to fix these values to 0 and 1, respectively, and the c K of complex I and III to 0.5, which permits to reduce the number of parameters to be estimated.
Model validation
We have shown that our model can reproduce the Bose dataset (Fig. 5) , which means that our new rate equations are able to describe the steady-state fluxes through the OXPHOS complexes under phosphorylating and nonphosphorylating conditions. For further validation of the model, we have investigated the efficiency of mitochondrial ATP production and we have analyzed more closely the flux-force relationship for classical and extreme experimental conditions. Finally, we have confronted the model with time courses of Table 1 ) and the averaged kinetic parameters:
4 AE 1:7 lM, and K Ã mCred ¼ 222 AE 44 lM. v C3 and V maxf are referred to the reduction of ubiquinol, i.e., the transfer of two electrons. Note that it was necessary to perform the kinetic assay with less hydrophobic quinones (here decylubiquinones) than the endogenous quinones (CoQ 10 ) as in the reaction mix the latter would accumulate in a separate lipid phase and would thus not be accessible to complex III. K mUbiquinol and K mUbiquinone may thus differ from the K m values of endogenous quinones, however, they should be a good approximation. An important aspect in our work is that K mUbiquinol and K mUbiquinone of the complexes I [13] and III (present work) have been determined using the same type of quinone, in order to have coherent relationships between the K mUbiquinol and K mUbiquinone of both enzymes. DΨ, NADH, and O 2 , as so far, only steady-state concentrations and fluxes have been considered in our analyses.
Mitochondrial ATP production
An important issue of the mitochondrial energy metabolism is the efficiency of ATP production, i.e., how tight the mitochondrial ATP production is coupled to the respiratory chain activity. This efficiency can be characterized by the P/O ratio, which states how many moles ATP are synthesized by the ATP synthase per atom of oxygen consumed in the respiratory chain. We have calculated this ratio in the presence of saturating ADP (1.3 mM) by dividing the flux through the ATP synthase by the flux through complex IV, i.e., P/O = J F1 /J C4 . The P/O ratio obtained at steady state was 2.64 which is in the range of experimental determined values [47] and which is very close to 2.67, the theoretical maximal value predicted by Ferguson [48] , based on the ratio H/ATP = 8/3 of the ATP synthase.
It is to remark that using the quasi linear expression for the proton leak flux as proposed before by Beard [12] led to a lower P/O ratio (2.44). Theoretically, in order to obtain the maximal P/O value of 2.67, the leak flux under phosphorylating conditions must be zero. As there is a significant leak flux under nonphosphorylating conditions (nonphosphorylating respiratory flux around 1/6 of the phosphorylating respiratory flux), only an exponential-shaped proton leak flux in function of DΨ can correctly reproduce a near zero leak flux at state 3 as well as the given leak flux at state 4.
Flux-force relationship
We have investigated the model behavior with respect to the relationship between the steady-state respiratory flux J O 2 and the corresponding electric potential difference DΨ for a set of different conditions. Thereby we have challenged the model with normal up to extreme conditions.
We have simulated the OXPHOS system (a) in the presence of different concentrations of an uncoupling agent, which we have imitated by increasing the rate constant of the proton leak flux d Hleak , (b) for different concentrations of respiration substrate, which we have mimicked by varying the rate constant of the dehydrogenase activity, (c) for different concentrations of ADP (from 0 to 1.3 mM), (d) in the presence of an ATP Table 1 ) and the averaged kinetic parameters:
, K mCred ¼ 68:9 AE 8:6 lM, and K mCox ¼ 61:0 AE 10:3 lM. v C4 and V maxf are referred to the reduction of two cytochrome c, i.e., the transfer of two electrons. synthase inhibitor, simulated by decreasing in the same proportion the values of the forward and backward rate constants (k f and k b ) of the ATP synthase, and (e) for different degrees of inhibition of the respiratory chain electron entry at different levels of ADP, imitated by decreasing the rate constants of complex I. The resulting flux-force curves are shown in Fig. 6 . The qualitative model behavior is in good agreement with the experimental flux-force curves of Amo and Brand [49] (Fig. 6A) and those of Hafner et al. [50] (Fig. 6B) .
However, there are differences in absolute values, i.e., the model shows higher values for DΨ and higher respiration rates, which can be explained by the experiments being performed on mitochondria from a different origin (human lung cybrid cells), as well as the respiratory chain being driven by succinate, i.e., complex II as electron entry point. It is to note that the model could reproduce the shape of the flux-force curve for the variation of respiratory substrate under nonphosphorylation conditions (absence of ADP), because the rate of the proton leak flux was exponentially dependent on DΨ. It was not possible to reproduce this shape using the quasi linear relationship employed in the previous model of Beard [12] .
Simulation of time courses
Above, we have shown that the model is able to reproduce steady-state concentrations and fluxes under various conditions. But additionally, simulations of time courses can also be important for OXPHOS analysis.
For a correct simulation of time-dependent concentrations and fluxes, we have set variable the external concentrations of O 2 , adenine nucleotides, Pi, Mg 2+ , and K + . We therefore extended the differential equation system (Table 2) as given in Table 8 .
We have simulated the experimental time courses of DΨ, O 2 concentration, and reduced fraction of NAD from Bose et al. [17] , where respiration substrate, Pi, and ADP had been added subsequently into the external buffer, with the data being recorded until O 2 in the reaction chamber was completely consumed. In order In the fit, we further included the P/O ratio, where the optimal value was set to 2.67, according to Watt [30] . For a better congruence of data description at zero Pi, the realistic assumption was made that a small concentration of Pi (estimated to 0.18 mM) was already present in the reaction mix before external addition of Pi.
to mimic the addition of respiratory substrate, the value of the dehydrogenase rate constant k DH has been changed from 5% to 100% of its value given in Table 6 . The simulated time courses (Fig. 7) were in good agreement with the experimental data. Only when entering in anoxia, a drop of the simulated DΨ was observed, while the experimental DΨ remained constant. We suppose that in the experiments, DΨ was maintained by respiratory chain activity due to a residual oxygen concentration. This assumption is reinforced by the observation of Korge et al. [51] , who reported for rabbit heart mitochondria a drop of DΨ as soon as anoxia was reached.
Furthermore, in anoxia, NAD is highly reduced, which was qualitatively reproduced by our model. However, while the simulated value was close to 90%, the experimental value showed 100% reduction. This difference can be explained as follows: (a) In our model, the Krebs cycle is represented in a very simplistic way, i.e., summarized into a dehydrogenase reaction (DH) which recycles NAD to NADH. The corresponding kinetic expression, taken from Beard [12] , is modeled as reversible, considering the Krebs cycle not as a closed system. Hence, in the simulations, when O 2 is zero and the respiratory chain is blocked, NAD becomes highly reduced but not to 100%, due to the reversibility of DH. (b) In experimental measurements, the signal of NAD in the presence of an inhibitor of the respiratory chain or in anoxia is assigned to 100% reduction (e.g., [17, 52] ), although NADH is also used by other reactions.
Flux control coefficients
Flux control coefficients (FCCs) allow evaluating the effect a perturbation of a local reaction has on a given steady-state flux, and thus, whether the global behavior of the system is sensitive or robust to changes of this local component. The FCCs are defined as
where J is the steady-state flux, v the rate of a local (enzyme/chemical) reaction, and p a parameter of v.
We have calculated the FCCs of the OXPHOS complexes with respect to the respiration rate at steady state (J O 2 ). Therefore, we have varied simultaneously and in the same proportion the rate constants k f and k b , simulating a variation of the enzyme amount. With the enzyme activity v being proportional to this variation, for discrete but very small perturbations Dv, the FCCs can be well approximated by
We have compared the FCCs from the model simulations to the experimental findings of Rossignol et al. [53] (Table 9 ). The FCCs of C1, C3, and C4, the ATP synthase, and the AAC are in good agreement with the experimental data. The FCC for the PiOH is lower in our model. A reason, therefore, is that we have used a lower K m H 2 PO 4 value for the PiOH than given in literature (see Table 6 ), in order to describe correctly the data points of the Bose data. Using a higher K m H 2 PO 4 for the PiOH increases the FCC of the PiOH. This issue may be readdressed, when the question of Pi activation of the respiratory chain is clarified. The higher FCC of PiOH is compensated by a lower FCC of the respiratory substrate supply. The latter is represented in the model by the dehydrogenase reaction, a very simplified approach to model the Krebs cycle. The use of mass action (no saturation effect) may be the reason for the lower FCC. Another reason could be the differences in the experimental conditions, e.g., the use of the glutamate/ malate system in the Bose dataset (serving for model parameter estimation), and the pyruvate/malate system used by Rossignol et al. [53] . It is to note that the sum of the FCCs of PiOH and respiratory substrate supply is the same in the simulations and in the experiments and hence this is also true for the sum of the FCCs of the OXPHOS complexes, allowing a good comparison of the model and experimental values for each OXPHOS complex.
Application to threshold curves
We have applied this model to investigate threshold curves, which describe how the global flux through a system is influenced by local perturbations. For OXPHOS, we have analyzed the respiratory flux in response to inhibitions of a single component in the OXPHOS system. Threshold curves are established by plotting for distinct concentrations of a specific inhibitor the relative activity of the respiratory flux versus the relative activity of the inhibited, isolated enzyme of the OXPHOS system. For calculating the relative inhibition of the isolated enzyme, the same substrate and product concentrations and the same DΨ value have been used as obtained in the simulations of the global, noninhibited OXPHOS system at steady state.
We have mimicked the effects of the inhibitors according to their inhibitor types. Rotenone, cyanide, carboxyatractyloside, and mersalyl are noncompetitive inhibitors of complex I [54] , complex IV [55] , the AAC [56] , and the Pi/OH antiport [57] , respectively. Here the inhibition for a given inhibitor I was taken into account as follows:
where v is the rate of the inhibited enzyme and [I] the concentration of the inhibitor. Antimycin A is an inhibitor of complex III, which competes with quinone for the ubiquinone i -site [58] , and it is likely that it competes also with quinol for this site. In the rate equation for complex III, we do not explicitly take into account the binding of ubiquinone and ubiquinol to the two ubiquinonebinding sites ubiquinone i and ubiquinone o , but consider the apparent K m Ubiquinol and K m Ubiquinone of the overall reaction. Thus, we model the effect of antimycin A also in a simplified way, by modifying the apparent K m Ubiquinol and K m Ubiquinone :
Finally, oligomycin is an uncompetitive inhibitor of the F 1 F 0 -ATP synthase [59] . We have expressed this inhibition with the following equations, which concern only the K m mATP and K m mADP in the denominator of the rate equation for the ATP synthase (see Table 4 ). (Table 2) has been extended by the differential equations above. Consequently, the constraints Eqns (56) (57) (58) (59) (60) (61) in Table 3 were obsolete. The external proton concentration H þ e was kept constant as we considered that the external medium was sufficiently buffered under the corresponding experimental conditions. The index 't' for O 2 denotes the total volume (i.e., mitochondria and buffer solution). 
where, we have assumed that Pi binding is not affected by this inhibitor. We set f i = [I]/K i , and varied the corresponding f i for the given enzymes over a wide range such that they were inhibited from 0% to 100%. We have computed the threshold curves for the OXPHOS complexes, the AAC, and the PiOH under phosphorylating conditions. The simulations are generally in good agreement with the experimentally determined threshold curves of Rossignol et al. [43] (Fig. 8) , especially for the respiratory chain complexes and the ATP synthase, where the experimental threshold curves are precisely reproduced. Only for complex III, the simulated threshold is somewhat less pronounced, which can be due to (a) the fact that we did not explicitly take into account the two ubiquinone-binding sites (ubiquinone-cycle mechanism) and (b) the complex III activity modeled dependent on the Pi concentration: the simulated threshold curve of complex III can be slightly improved when using a higher external Pi concentration, and in contrast, the lower this Pi concentration, the more the threshold curve becomes linear.
The threshold curves for the AAC and the Pi/OH exchanger show a similar behavior as the experimental ones; however, the thresholds are higher in the simulated curves than in the experimental one. This can be explained by an overestimation of the rate constant k f of the Pi/OH exchanger with the Bose data, and by the fact that we have used the K m values from rat liver mitochondria for the AAC. One can notice that for the latter, the threshold curve we obtained is in good agreement with the rat liver AAC threshold curve observed in Rossignol et al. [43] . We have further computed the threshold curves for the respiratory chain complexes at state 4. Here the thresholds are much higher, i.e., the loss of activity of an isolated respiratory chain complex can be compensated until a high local inhibition (Fig. 9) . This corresponds to the tendencies observed experimentally for complex I and III in rat liver mitochondria [60] and for complex IV in human hepatic cancer cell line (HepC2) [61] .
These threshold curves validate further our model with respect to the applicability on a wide substrate and product concentration range: as DΨ remains constant up to strong inhibitions and as mass action-based rate equations such as used in the model of Beard cannot reproduce the threshold curves at state 3, it is mostly due to the substrate saturation kinetics (k, K m ) of our new OXPHOS rate equations that allow for the simulation of realistic threshold curves.
Discussion
We have presented a new OXPHOS model, based upon previous models of Beard [12] and Korzeniewski and Zoladz [11] . The model respects the mitochondrial compartmentation and comprises 16 metabolites and 19 reactions, essential to simulate OXPHOS (Fig. 1,  Table 1 ). In this model, we have employed new rate equations that allow for a more precise description of 2+ concentration (Mg tote ) was set to 5 mM, the external adenine nucleotide concentrations to zero, and the external pH was fixed to 7.1, the external K + concentration was 20 mM, corresponding to the experimental conditions in the Bose experiments [17] . The initial external Pi concentration was set to 0.18 mM. Furthermore, the rate constant k DH of the dehydrogenase activity was set to 5% of its normal value. To simulate the effect of addition of respiratory substrate, k DH was reset to its normal value (Table 6 ), leading to a reduction of the NAD pool and thus providing NADH to drive the respiratory chain. The subsequent additions of Pi and then fADP into the external buffer medium was realized by setting the state variables Pi e to 3 mM + Pi 0 and fADP e to 1.3 mM, respectively, corresponding to the experimental conditions used by Bose et al. [17] .
the kinetics of the respiratory chain complexes I, III, and IV and the ATP synthase (Eqn 12). Furthermore, we have improved the rate equations for the AAC, for the Pi/OH carrier, the AK, and for the proton leak flux. We have focused on the parameterization of the model. Indeed, most of the parameter values correspond to biochemical parameters that can be determined experimentally or extracted from literature. In the present work, the parameterization has been done for mammalian heart mitochondria (Tables 5-7). The model was validated on a comprehensive OXPHOS dataset [17] , on the efficiency of ATP production, on flux-force curves, as well as on time courses. Finally, we have applied the model to threshold curves, reproducing experimentally determined respiration state 3 threshold curves and predicting threshold curves for respiration state 4.
New OXPHOS rate equations
We have developed a generic OXPHOS rate equation based on a Henri-Michaelis-Menten-like rate equation describing a random binding order mechanism (Eqn 12). The equation takes into account the influence of Dl H as well as the substrate and product affinities (K m ), and features maximal forward and backward rate constants (k f , k b ). These typical enzyme saturation kinetics were not taken into account in the previous models of Beard [12] and Korzeniewski and Zoladz [11] . Our new generic rate equation could be adapted to the number of substrate and products and to the stoichiometric factors of each respiratory chain complex (Table 4) . For complex III, we did not take into account both ubiquinone sites (ubiquinone o and ubiquinone i ), as, at least with classical enzyme kinetic measurements, it is not possible to analyze separately the binding of ubiquinone and ubiquinol to these sites, and thereby it would be difficult to obtain reliable K m values. Using one apparent K m for ubiquinone and one for ubiquinol was thus more convenient and lead to satisfactory results for the description of the initial rate measurements (Fig. 3 ) and the Bose dataset (Fig. 8) . Indeed, as shown before [16] , taking into account both ubiquinone sites rendered more complex the rate equation but did not improve much these fits. In general, although the molecular mechanisms of the OXPHOS complexes are sophisticated and heterogeneous [62, 63] , we have shown that these new rate equations are able to reproduce the steady-state kinetics experimentally found for respiratory chain complexes I, III, and IV in the absence of Dl H (Figs 3 and 4 , and Ref. [13] ). This better description of the OXPHOS complexes allows also to modulate the activities of the complexes in a more realistic way, by playing on several parameters, e.g., the action of different types of inhibitors (competitive, noncompetitive, and uncompetitive), or to take into account mutations which influence the substrate or product affinities (K m ) or maximal rates (k f , k b ). As in the previous models, the proton translocation was taken into account via the Gibbs energy of proton translocation DG H . Here, we have used the Haldane relationship, which establishes an exponential dependency of the kinetic constants on DG H (Eqns 3 and 6). This exponential impact was shared among the rate constants and the Michaelis-Menten constants, the proportions being defined by repartition constants (Eqns 7-10). These new parameters (f k , c k , f K i , and c K i , see also Fig. 2) were determined upon the comprehensive experimental dataset of Bose [17] . We have also used this rate equation to describe the AAC, as the exchange of ADP with ATP is also dependent on DΨ.
The introduction of the f and c in the OXPHOS rate equations was thermodynamically necessary and these parameters are an essential precondition for a correct reproduction of the flux-force relationships. These parameters do not change the basic structure of the Michaelis-Menten-like rate equations but allow modifying the values of the kinetic parameters according to the actual membrane potential and this only within certain limits: e.g., for the forward rate constant k f of the respiratory chain complexes, the maximum value is the experimentally determined k 0 f and with increasing membrane potential, this value can only decrease, while correspondingly, for the backward rate constant k b , the experimentally determined rate constant k 0 b (via Haldane equation) can only increase. Our approach respects thermodynamics and allows us to reproduce realistic flux-force relationships, and the model could be validated within a large interval of substrate and product concentrations as well as a large interval for Dl H .
Model parameterization
In the present model, nearly all tissue-specific parameters are issue of mammalian heart mitochondria. In contrast to previous approaches to model OXPHOS [7] [8] [9] 11, 12] , a large part of the parameters (class A and B) correspond to classical kinetic parameters which can be determined experimentally, and the remaining parameters can be easily estimated with the Bose experimental approach. This permits to reparameterize the model in order to apply it to other tissues and species.
We have used the dataset of Bose in order to estimate the class C parameters, indeed, besides comprising various essential features of OXPHOS measured on heart mitochondria, it was also used to parameterize the model of Beard, allowing a direct comparison with our model. It is to remark that the DpH values of the Bose data were very low at both, state 3 (0-0.06) and 4 (0.03-0.04) compared to data from other measurements (0.16-0.54 and 0.16-0.72, respectively [50, [64] [65] [66] ), which might be due to differences in experimental conditions or in methods of measurement.
With respect to the parameter estimation, this concerns mostly the f and c, which distribute the impact of the potential difference on the kinetic parameters of the OXPHOS complexes. However, as the Dl H of the Bose data are conform to that from other measurements [50, [64] [65] [66] , and the DG H affecting the OXPHOS complexes is largely dominated by Dl H (see Table 4 ), the effects of the low DpH on the f and c should be negligible. It was possible with our model to reproduce these low DpH values, but the model is also able to simulate higher DpH values. Indeed, in the simulations, the relation of DpH and DΨ is dependent on the initial concentrations of the matrix K + and the fixed external K + , which we have adopted from Beard [12] for the present simulations. It is to note that modifying any other initial concentration did not have an effect on the steady-state values.
The good quantitative agreement with the experimental dataset of Bose is on one hand due to the set of adjustable parameters, indeed, the f and c of the OXPHOS complexes are numerous (28 out of 36 class C parameters), yet five of them being already fixed by a constraint (Eqn 11). But on the other hand, and more important, the precondition for this good agreement with these data and moreover with all other data used in the present work is the correct global and qualitative model behavior arising from the general model properties and in particular the new OXPHOS rate equations.
It is possible to decrease the number of parameters to be estimated, by fixing some of them that show either only little influence on the simulations or that reach extreme values within their range of definition. Indeed, the number of f and c to adjust can be importantly reduced (six parameters less to adjust), as the K m values of ubiquinone and ubiquinol of both, complexes I and III, and those of ADP and ATP of the ATP synthase were found to be insensitive to the membrane potential (i.e., the corresponding f K were zero and the corresponding c K had thus no importance). This might be a general property of the OXPHOS complexes and if this could be confirmed for other tissues and species, the equations may be simplified accordingly. Similarly, the f and c of sensitive K m and V max may have similar values throughout different species and tissues: once confirmed, they could thus be fixed in future parameters estimations.
Furthermore, the fitting procedure can be improved by using experimental data additional to those of Bose. In particular, the experimentally determination of the kinetic parameters for the ATP synthase on heart mitochondria would be a meaningful contribution to the model parameterization.
For the determination of the kinetic parameters of the respiratory chain complexes (k and K m ), we have proposed a new approach consisting in fitting simultaneously the ensemble of the experimental curves. This allows to ameliorate the determination of the parameters and to optimize the accuracy of the generic Henri-Michaelis-Menten-like rate equations. For complex IV, the initial rate measurements were well matched.
Activation of complex III by phosphate
We have assumed complex III to be activated by Pi, because the experimental data of Bose et al. [17] , see also Fig. 5 , strongly suggest an activation of the respiratory chain upon addition of Pi. Here, at state 3 and for low Pi, more NADH was found than for high Pi. This should result in a higher respiratory chain activity; however, the contrary was observed, as DΨ was found to be lower for the low Pi. The hypothesis of an activation through Pi is reinforced by the experimental data of Medja et al. [23] , which suggest an activation by Pi for the respiratory complexes III and IV from bovine heart mitochondria, and also for other species and tissues. As for complex I the effect was less clear in these data and as simulations with complex IV activation did not improve the simulations (not shown), for simplicity we modeled only complex III to be influenced by Pi, similar as it has been done by Beard [12] . This activation factor was necessary to correctly describe the Bose dataset, confirming the findings mentioned above. For low Pi concentrations and at state 3, the DΨ deviated slightly from the experimental data points, but the description could probably be improved, if also complex I was activated by Pi, and moreover, the influence of Pi on the OXPHOS system might be more complex than in our model approach. In contrast, not including the activation factor led to an incapability of describing either DΨ or the NAD reduction state for low Pi.
However recently, Vinnakota [52] challenged the Pi activation with an indirect experimental approach, and Chess et al. [67] could disprove the particular mechanism (crossover of reduction states within complex III) proposed by Bose et al. [17] for the activation by Pi. Hence, it is not clear whether the Pi activation of the respiratory chain observed in the experiments of Bose was directly or indirectly caused by Pi. To point this out, we have used the designation 'A' for activator in the rate equation of complex III (see Table 4 ); however for the fits and simulations, we set A to the matricial Pi concentration. If favored for further simulations, it is easy to discard this inhibition by putting to zero the parameter K a A of complex III.
Model validation
We have validated the model by comparing its outcomes to very different experimental data. First of all, the model was able to describe well the large dataset of Bose et al. [17] , comprising respiration rates, DΨ, matricial proton concentrations, and the redox states of NADH and cytochrome c, under phosphorylating as well nonphosphorylating conditions, and for various concentrations of Pi. Furthermore, we could show that the model exhibits a correct P/O ratio of 2.64, being close to the theoretical maximal value of 2.67, predicted by Ferguson [48] , and corresponding well to literature experimental data with complex I as electron entry point [47] . The simulated flux-force curves (J O2 plotted against DΨ), for classical up to extreme experimental conditions (state 3 and 4, inhibition of ATP synthase, reduction of respiratory substrate, variation of ADP, and different levels of uncoupling) reproduced well the behavior found in experiments [49, 50] . Furthermore, the simulated time courses of DΨ, O 2 , and the redox state of NADH showed a realistic behavior and were in good agreement with experimental data [17] . And finally, we could show that the simulated FCCs of all OXPHOS complexes as well as the AAC correspond well to those determined experimentally, significant deviations were only observed for the Pi/OH exchanger and the respiratory substrate supply. These deviations could however been explained by the relatively low K m H 2 PO 4 of Pi/OH exchanger compared to literature values, as well as the simplified representation of the Krebs cycle, being summarized within a mass action type equation.
Thereby, we have successfully confronted our model with different experimental datasets, which represent different levels of cellular integration and complexity. With respect to the complexity of our model, it is to note that simpler models could describe each experiment alone, however, the main goal of our model was its application under various (i.e., experimental, physiological, and nonphysiological extreme) conditions. For example, the rate equations used by Beard [12] or Korzeniewski and Zoladz [11] may describe the respiratory complexes activities within a narrow range of conditions; however, they do not reflect typical enzyme saturation behavior, thus they cannot describe the activities of the OXPHOS complexes over a wide range of substrate and product concentrations [13] . In the same manner, the dataset of Bose [17] has been already well described by the model of Beard [12] that is mainly constructed upon mass action equations, and thus by a simpler approach. However, it is not able to reproduce correctly the threshold curves with this model, and further the flux-force curves simulated with our model are much closer to experimental ones.
The broad validation shows that our model is valid within a large range of experimental conditions and could thus be applied to study the OXPHOS system under physiological and nonphysiological conditions. Therefore, it may be necessary to readapt some model parameters, as concentrations and activities measured on isolated mitochondria may not always correspond to that of in vivo conditions [68, 69] .
Application to threshold curves and future applications
We have used our model to simulate threshold curves and predicted thereby the influence of an inhibition of a given OXPHOS system component on the respiratory flux. We could confirm these threshold curves under phosphorylating conditions with those experimentally established for isolated rat heart mitochondria. For state 4 respiration, the simulated thresholds were higher than for state 3. For complexes I and III, we could confirm qualitatively this increase of threshold for a state 3 to state 4 transition with experimental observations made on liver mitochondria and hepatic cancer cells [60, 61] .
These good agreements could not be obtained when using OXPHOS rate equation based on mass action as described by Beard [12] , indicating that respecting the saturation behavior of enzymes is a requirement for the correct description of threshold curves. As a consequence, the use of saturation kinetics is essential when simulating OXPHOS under pathologic conditions, e.g., for analyzing pathological mutations leading to a diminished activity of an OXPHOS complex or studying alterations in energy metabolism as found in widespread diseases like diabetes, Alzheimer, and cancer. Of course, the etiologies of such pathologies are complex and have several underlying mechanisms. Threshold effects could contribute essentially, they could be moreover crucial for the outbreak or the phenotype of pathologies, yet their role should not be seen isolated but in the context of the other mechanisms. It should also be considered that threshold curves in vivo might be different to those in isolated mitochondria, e.g., differences in metabolite concentrations and compensative mechanisms on the cellular level could change their shapes. The fact that the experimental threshold curves of Rossignol et al. [43] have been obtained under different experimental conditions than the data that have been used to adjust the model parameters indicate that the threshold curves show a certain robustness with respect to different (experimental) conditions. For such complex issues, modeling can help gaining a deeper understanding allowing simulations under various conditions.
Our OXPHOS model may further be used to study the influence of mitochondrial heteroplasmy and the tissue specificity of OXPHOS (abundance and activity of OXPHOS complexes, size of quinone, and cytochrome c pools). Moreover, being very consistent it may also be used to highlight the subtle influences, as arising from mitochondrial polymorphisms, so far believed to be neutral but nowadays found to be a risk or protection factor with respect to mitochondrial diseases.
For the latter, if needed in future investigations, the model can be extended or combined with other models, e.g., replacing the dehydrogenase reaction by a more detailed representation of the Krebs cycle, and thereby include complex II, or include cytosolic ATP-consuming reactions.
The improvement of the mitochondrial model of Beard allow a much vaster field of application for the OXPHOS model, over a wide range of substrate and product concentrations and a wide range of Dl H . Being a reliable tool, this model can be used for finer analyses of the implication of OXPHOS in mitochondrial pathologies, and also widespread diseases, and contribute in general to a better understanding of the interaction within the OXPHOS system and can be used in the context of a larger model to study the implication of OXPHOS in the cellular (energy) metabolism.
Materials and methods

Kinetic assays on complex III and IV
The initial rate measurements of complexes III and IV were based on Medja et al. [23] , with slight modifications. Both assays were carried out at 37°C in 1 mL of medium containing 65 mM KH 2 PO 4 (pH 7.5), 2 mg BSA, and 0.2 mM EDTA. The reduction (complex III) or oxidation (complex IV) of cytochrome c was followed by spectrophotometry, monitoring the absorption of cytochrome at 550 nm. The extinction coefficient used for the determination of the concentrations was 18.5 mM À1 Ácm À1 .
Complex III (ubiquinol-cytochrome c reductase) assay
The reaction medium contained additionally 1 mM KCN. The assay was performed using 4.4 lgÁmL À1 mitochondrial protein and the reaction was initiated by the addition of oxidized cytochrome c (Cox), after 2 min of incubation with decylubiquinone (ubiquinone) and decylubiquinol (ubiquinol). The initial concentrations of ubiquinone, ubiquinol, Cox, and Cred have been varied.
Complex IV (cytochrome c oxidase) assay
The reaction medium contained 2.2 lgÁmL À1 of mitochondrial protein. The reaction was initiated by the addition of (partially) reduced cytochrome c at different concentrations.
Reduction of decylubiquinone and cytochrome c
Decylubiquinone was reduced according to Rieske [70] (but using sodium borohydride instead of sodium dithinonite as reducing agent), and cytochrome c was reduced according to Medja et al. [23] .
Model simulations and parameter estimation
Model simulations and parameter estimations have been done using MATLAB (vers. R2013a; The MathWorks, Natick, MA, USA). Parameter values were evaluated by calculating the root-mean-square deviation (RMSD) between the respective theoretical data points and the experimental data points. To find optimal sets of parameter values, defined by RMSD minima, we used a global search routine (genetic algorithm, with mutations and crossover), followed by a local search routine (constrained nonlinear optimization: MATLAB built-in function 'fmincon' ('sqp')).
Estimation of the kinetic parameters of complex III and IV
For each of these complexes, and for a given set of forward rate constant (k f ) and Michaelis-Menten constants (K m ), the RMSD was calculated simultaneously for all experimental series.
Estimation of adjustable model parameters
With each set of adjustable parameters and all other parameters being fixed, we have simulated the model until steady state was reached. The RMSD has been calculated by comparing the steady-state concentrations and fluxes to experimental data from Bose et al. [17] and to the ratio P/ O. As the experimental data series had different orders of magnitude, the deviations were normalized by the mean value of the respective experimental series. Furthermore, we have multiplied the normalized RMSD of each series with a weight (W) as follows: W = 1 for the NAD reduction state (state 3 and 4) and for the respiration rate (state 3), W = 2 for DΨ (state 3 and 4), W = 0.25 for the cytochrome c reduction state (state 3 and state 4), the pH (state 3 and state 4), and P/O ratio (state 3).
Sensitivities
The sensitivities of the weighted and normalized RMSD with respect to the parameter values were calculated according to Beard [12] .
Units used in the model and unit conversions 
À1
From data given in Aliev and Saks [71] , we calculated that 1 g mitochondrial protein corresponds to 2.28 mL mitochondrial water diffusion space, i.e., nonbound water (the authors reported that in 1 kg wet weight of rat heart, there are 89.4 g of mitochondrial dry mass, whereof about 75% are proteins and 153 mL mitochondrial water diffusion space). We therefore used in our calculations 
with f cyta being the cytochrome a content in mammalian heart mitochondria (nmol cytaÁmg mito. prot.
). Its value was estimated within the above given range together with other adjustable model parameters.
